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As esponjas marinhas abrigam comunidades microbianas de grande importância ecológica e 
biotecnológica. Recentemente, estas têm recebido maior atenção devido ao grande número 
de compostos com actividade biológica, com potencial aplicação, particularmente, nas 
indústrias química, cosmética e farmacêutica. No entanto, a ecologia e o potencial 
biotecnológico dos seus microrganismos ainda permanecem largamente desconhecidos. O 
desenvolvimento de tecnologias de sequenciação de alta resolução deu origem a novo grupo 
de abordagens que nos podem ajudar a explorar o potencial biotecnológico das esponjas com 
um detalhe sem precedentes. As abordagens metagenómicas, em particular, tem poder para 
revolucionar a produção de compostos com actividade biológica produzidos por 
microrganismos não cultiváveis, ao permitir a identificação de genes ou clusters de genes 
biosintéticos com capacidade para serem expressos heterologamente num organismo 
hospedeiro adequado e cultivável. Esta revisão foca particularmente a exploração do potencial 
biotecnológico dos microrganismos associados a esponjas, e a integração de abordagens 
moleculares, cuja eficiência crescente pode desempenhar um papel essencial no 
desenvolvimento de uma fonte sustentável de produtos naturais. 
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abstract 
 
Marine sponges harbor microbial communities of immense ecological and biotechnological 
importance. Recently, they have been focus of heightened attention due to the wide range 
of biologically active compounds with potential application, particularly, in chemical, 
cosmetic and pharmaceutical industries. However, we still lack fundamental knowledge of 
their microbial ecology and biotechnological potential. The development of high-throughput 
sequencing technologies has given rise to a new range of tools that can help us explore the 
biotechnological potential of sponges with incredible detail. Metagenomics, in particular, has 
the power to revolutionize the production of bioactive compounds produced by unculturable 
microorganisms. It can offer the identification of biosynthetic genes or gene clusters that can 
be heterologously expressed on a cultivable and suitable host. This review focus on the 
exploration of the biotechnological potential of sponge-associated microorganisms, and 
integration of molecular approaches, whose increasing efficiency can play an essential role 
on achieving a sustainable source of natural products. 
 
   
 
 
  
Contents 
 - xiii - 
Contents 
List of publications .............................................................................................................. xvii 
List of tables ......................................................................................................................... xix 
List of figures ........................................................................................................................ xxi 
CHAPTER 1 ........................................................................................................................... 25 
Introduction ..................................................................................................................... 27 
References .................................................................................................................... 30 
CHAPTER 2 ........................................................................................................................... 33 
Sponge and microorganisms, a complex interdependent relationship ........................ 35 
References .................................................................................................................... 38 
CHAPTER 3 ........................................................................................................................... 41 
Recent advances in metagenomic approaches - a new tool for exploiting the sponge-
associated microorganisms biotechnology .................................................................... 43 
Construction of metagenomic libraries ...................................................................... 43 
High-throughput sequencing, a game-changing technology .................................... 44 
References .................................................................................................................... 49 
CHAPTER 4 ........................................................................................................................... 51 
Biotechnological potential of sponge-associated microorganisms ............................... 53 
Pharmacologically relevant compounds ..................................................................... 54 
Amylases ....................................................................................................................... 57 
  
 
  
Contents 
 - xv - 
Proteases ...................................................................................................................... 58 
References .................................................................................................................... 62 
CHAPTER 5 ........................................................................................................................... 69 
Challenges in exploring the sponge-associated microorganisms biotechnology ......... 71 
References .................................................................................................................... 76 
CHAPTER 6 ........................................................................................................................... 79 
Concluding remarks ......................................................................................................... 81 
References .................................................................................................................... 82 
APPENDIX ............................................................................................................................. 83 
Compositional analysis of bacterial communities in seawater, sediment and high and 
low microbial abundance sponges in the Misool coral reef system, Indonesia ........... 85 
Introduction .................................................................................................................. 86 
Material and methods ................................................................................................. 89 
Results .......................................................................................................................... 94 
Discussion ................................................................................................................... 101 
Conclusion .................................................................................................................. 104 
Acknowledgements .................................................................................................... 104 
Supplemental figures ................................................................................................. 105 
References .................................................................................................................. 107 
 
  
  
List of publications 
 - xvii - 
List of publications 
 
Cleary DFR, Polónia ARM, Becking LE, de Voogd NJ, Purwanto, Gomes H, Gomes NCM (in 
press) Compositional analysis of bacterial communities in seawater, sediment and high 
and low microbial abundance sponges in the Misool coral reef system, Indonesia. Austral 
Ecology. 
 
 
 
 
 
 
 
 
 
  
  
List of tables 
 - xix - 
List of tables 
 
Table A-1 List of abundant (≥ 200 sequence reads) OTUs and closely related organisms 
identified using BLAST search. OTU: OTU number; Sum: number of sequence reads; GI: 
GenInfo sequence identifiers of closely related organisms identified using BLAST; Seq: 
sequence similarity of these organisms with our representative OTU sequences and their 
source; Source: isolation source of organisms identified using BLAST; Location: sampling 
location of organisms identified using BLAST; *restricted to group 
 
  
  
List of figures 
 - xxi - 
List of figures 
 
Figure 1 Sponges Stylissa massa and Xestospongia testudinaria. 
Figure 2 Typical steps of a metagenomic workflow.  
Figure 3 Evolution of the cost of sequencing a human genome from 2001 to 2014. 
Figure 4 Comparison of the onnamide (onn) gene cluster with the pederin (ped) system. 
A - Map of the pederin gene cluster from P. fuscipes symbiont. Double slashes divide 
the three genomic regions. B - Map of the onnamide gene cluster and its correlation to 
pederin homologs. 
Figure 5 Mediterranean sponges in sea-based aquacultures. A - Culture frame with spike-
cultures of Dysidea avara. B  - Culture cage with grid-cultures of Chondrosia reniformis. 
Figure A-1 Map of study area showing the location of the study sites. 
Figure A-2 Mean (error bars represent a single standard deviation) relative abundance of 
the most abundant bacterial classes and orders and the most abundant OTU (dominant 
OTU) for samples from S. carteri (Sc), A. suberitoides (Ap), X. testudinaria (Xt), sediment 
(Sd) and seawater (Wt). Note that the abundance of the dominant OTU refers to the 
abundance of the most abundant OTU per sample and thus not the most abundant 
OTU overall. a - Gammaproteobacteria, b - Deltaproteobacteria, c -
Alphaproteobacteria, d - Acidimicrobiia, e - SAR202, f - Anaerolineae, g - 
Synechococcophysidae, h  - Nitrospira, i  - Chromatiales, j - NB1−j, k  - Thiotrichales, l  - 
Rhodospirillales, m - Caldilineales, n - Rhodobacterales, o  - Clostridiales, p  - 
Rickettsiales, q - Flavobacteriales, r - HTCC2188, s - Desulfobacterales and t the 
dominant OTUs. Results of the GLM analyses for each taxon are presented in the top 
right of each subfigure. 
  
  
  
List of figures 
 - xxiii - 
Figure A-3 Ordination showing the first two axes of the PCO analysis. a - Symbols represent 
samples from S. carteri (Sc), A. suberitoides (Ap), X. testudinaria (Xt), sediment (Sd) and 
seawater (Wt). b - Ordination showing only the most abundant OTUs. Numbers 
represent dominant (≥ 200 sequence reads) OTUs referred to in Table 1. Small circles 
represent OTUs < 200 sequence reads. 
Figure A-4 Ordination showing the third and fourth axes of the PCO analysis. a - Symbols 
represent samples from S. carteri (Sc), A. suberitoides (Ap), X. testudinaria (Xt), 
sediment (Sd) and seawater (Wt). b - Ordination showing only the most abundant 
OTUs. Numbers represent dominant (≥ 200 sequence reads) OTUs referred to in Table 
1. Small circles represent OTUs < 200 sequence reads. 
Figure A-5 Phylogenetic tree of the bacterial 16S rRNA gene sequences recovered from S. 
carteri, A. suberitoides, X. testudinaria, sediment and seawater from Misool coral reef 
system. Bootstrap values lower than 50% were omitted. The number of each OTU is 
indicated. 
Supplemental Figure A-1 Species accumulation curves as a function of the number of 
sequences using resampling of bacterial 16S rRNA gene sequences from S. carteri (Sc), 
A. suberitoides (Ap), X. testudinaria (Xt), sediment (Sd) and seawater (Wt). 
Supplemental Figure A-2 Stacked barplots showing the relative abundance of the 8 most 
abundant phyla sampled from the five biotopes. (a) S. carteri, (b) A. suberitoides, (c) X. 
testudinaria, (d) sediment and (e) seawater. The samples codes (X-axis) represent 
samples sampling sites Mer1, Mer2, Mer5, Ms17 and Ms31. 
  
   
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 1 
 
INTRODUCTION
Introduction 
 - 27 - 
Introduction 
 
Marine sponges (Phylum Porifera) are ancient aquatic metazoans with a fossil 
record dating back more than 580 million years to the Precambrian (van Soest et al., 
2012). Today, the majority of the 8500 formally described living species belong to the class 
Demospongia (demosponges) (Borchiellini et al., 2001; van Soest et al., 2012) (Figure 1). 
The remaining species represent the classes Hexactinellida (glass sponges) and Calcarea 
(calcareous sponges) (Hentschel et al., 2006). Sponges are placed among the oldest 
metazoan and the simplest multicellular animals, possessing little tissue differentiation 
and coordination (Li et al., 1998; Lee et al., 2009). Their aptitude to survive over time 
appears to be closely related to the adaptability of their body plan to dramatic 
environmental shifts (Palumbi, 1986; Müller & Müller, 2003). This has proven 
advantageous in sub-optimal conditions where sponges may increase their chances of 
survival through physiological or morphological adaptations (McDonald et al., 2002). 
Sponges have successfully colonized a wide range of habitats from tropical to polar seas, 
shallow to deep waters, and marine to freshwater habitats (Rützler, 2004). They can be 
voracious space competitors, overgrowing sessile reef organisms (Diaz & Rützler, 2001) 
and, due to their efficient filter feeding ability, even live in nutrient-poor habitats (Cuvelier 
et al., 2014). Sponges are structurally important components of coral reefs where they 
contribute to reef stabilization and regeneration by connecting pieces of rubble to the 
reef frame and creating a stable foundation for hard corals to settle on (Wulff, 2001; Ilan 
et al., 2004). They have been shown to provide shelter for numerous organisms (Ilan et 
al., 2004). Villamizar and Laughlin (1991) reported 139 and 53 species of crustaceans, 
ophiuroids, mollusks and fishes inhabiting only two reef sponge species (Aplysina 
lacunosa and Aplysina archeri, respectively) in a study conducted in a reef on the coast of 
Venezuela. Nonetheless, despite their role in marine ecosystems, we still lack 
fundamental knowledge regarding their spatial distribution. Environmental parameters, 
including depth, light, tidal amplitude, water flow rate, pollution level and content of 
dissolved organic matter, are known to affect sponge distribution (de Voogd et al., 2006; 
Santos-Gandelman et al., 2014). 
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Sponges have arisen in an era when bacteria were already strongly established in 
the oceans. Interestingly, what could have become a dangerous ‘playground’ for sponges 
turned out to be one of the most promising symbiotic associations ever known. Sponges 
can harbor dense and complex communities of bacteria, archaea and eukaryotes in an 
association whose ecologic and evolutionary importance is tightly connected to the 
increasing perception that microorganisms may be the ones responsible for the 
production of most of the compounds found in their tissues (Haygood et al., 1999). The 
production of bioactive compounds by sponges has become focus of heightened interest 
in 1950 when Bergmann and Feeney (Santos-Gandelman et al., 2014) (and references 
therein) discovered nucleosides spongothymidine and spongouridine in the marine 
sponge Cryptotethya crypta, that would become the basis for the synthesis of Ara-A and 
Ara-C, an antiviral compound and the first anticancer agent derived of marine organisms, 
respectively. Since then, besides the production of bioactive compounds they have been 
used in a number of different fields such as environmental monitoring and bioremediation 
processes, partially due to their role in nutrient cycling, water filtering, bio-erosion, spatial 
competition and production of biologically active compounds (Faulkner, 2002; Bell, 2008). 
  
Figure 1 Sponges Stylissa massa (Image by Ana R. M. Polónia) and Xestospongia 
testudinaria (Image by Rossana Freitas). 
Introduction 
 - 29 - 
The increase perception of sponge biotechnological potential, and the 
development of molecular biology technologies, has fostered the research and 
understanding of their associated microbial community structure and function. The 
development of high-throughput sequencing technologies, stimulated by the Human 
Genome Project has made it feasible to sequence the DNA from complex communities; 
thus revealing the sponge associated microbial community structure and ecology with an 
unprecedented detail. On the other hand, these technologies have created a new range 
of tools that is helping us to explore the sponge biotechnological potential. While several 
symbionts are culturable, providing open access to test their capacity to synthesize 
natural products, the greatest share of them appear to be obligate symbionts, not 
possessing the mechanisms required to live away from the sponge. Recent advances in 
molecular techniques now enable us to uncover their biosynthetic genes through 
metagenomics and single-cell genomics approaches getting us one step closer to secure 
a nearly unlimited, environmentally conscious and improved production source of 
biologically active compounds (Schirmer et al., 2005). 
The aim of this work is to review the current knowledge of sponge-associated 
microbial ecology and biotechnology, focusing recent advances in molecular biology and 
their potential to improve our ability to explore the sponge biotechnological potential. 
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Sponges are known to be important members of both shallow- and deep-water 
communities, hosting large and diverse communities of microbial symbionts of 
extraordinary ecological and biotechnological importance (Taylor et al. 2007a)(Freeman 
& Thacker, 2011). Numerous marine invertebrates engage in long-term, and sometimes 
highly specialized, associations with microorganisms representing an ancient evolutionary 
relationship that results from a fusion of multiple host colonization events and co-
speciation (Thacker & Starnes, 2003). The abundance and composition of sponge-
associated microorganisms can vary greatly among sponge species, including those 
inhabiting the same habitat (Cleary et al., 2013). Microbes inhabit the mesophyll matrix 
of numerous demosponges (Hentschel et al., 2003), known as high-microbial-abundance 
(HMA) sponges, to which the great majority of the described living species belong 
(Borchiellini et al., 2001; van Soest et al., 2012). High-microbial-abundance sponges can 
contain around 1010 bacterial cells g-1 wet weight of sponge (2 to 4 orders of magnitude 
higher than concentrations in sea water) (Hentschel et al., 2006), while low-microbial 
abundance (LMA) sponges contain around 106 cells g-1 (similar to concentrations in sea-
water) (Kamke et al., 2010).  LMA sponges less diverse bacterial community can however 
still harbor interesting diversity (Izumi et al., 2013).  
Relatively little is known about the ecological relationship between symbionts and 
sponges, or the role played by symbionts on the host (Taylor et al., 2007b; Webster & 
Taylor, 2012). Phylogenetic inference suggests that associated bacteria and archaea can 
conduct a wide range of metabolic processes such as ammonium- and nitrite-oxidation, 
nitrogen fixation, sulfate reduction and photosynthesis (Taylor et al., 2007b). 
Nevertheless, sponge-associated microorganisms may establish a commensal or even 
parasitic relationship with their hosts as opposed to a strictly mutualistic one. Thacker 
(2005) demonstrated, that sponge hosts rely on symbiont nutrition to varying degrees. 
Shading experiments revealed that while some host sponge species appeared unaffected 
by the experiments and managed to compensate for reduced symbiont nutrition, other 
species experienced a drastic reduction in growth rates (Thacker, 2005). This suggests a 
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direct relationship between the presence of internal symbiotic microorganisms and 
sponge growth. Kamke and colleagues (2010) would later publish a study comparing 16S 
rRNA- and 16S rRNA gene-derived sequences from different sponge species revealing 
what Thacker’s study suggested: most of the microbial community is metabolically active 
within their host. Indeed, even though the main via of carbon acquisition is heterotrophic 
filter feeding, sponges can get up to 50% of their energy and 80% of their carbon 
requirements from their photosymbionts (Cheshire & Wilkinson, 1991; Cheshire et al., 
1997) . 
Sponges have been shown to be unique and highly selective environments for 
bacteria (Hentschel et al., 2002; Hentschel et al., 2006). These associations may be due 
to highly selective conditions within the sponge mesohyl, as suggested by low detection 
levels or even complete absence of sponge-specific phylotypes from the surrounding 
environments (Hentschel et al., 2006). Such relations are often very specific with many of 
the microorganisms inhabiting exclusively sponge hosts (Webster & Taylor, 2012) or even 
inhabiting utterly particular sponge species throughout large geographical areas (Flatt et 
al., 2005). Hentschel and colleagues (2002) performed the first study on biogeographical 
variability spanning hundreds of thousands of kilometers. They encompassed a 
comprehensive phylogenetic analysis of bacteria associated with sponges Theonella 
swinhoei and Aplysina aerophoba, taxonomically distantly related species from the 
western Pacific Ocean and the Mediterranean Sea, respectively. The study comprised 190 
sponge-derived 16S rRNA gene sequences and suggested highly consistent microbial 
communities, regardless of host or location (Hentschel et al., 2002). As another example,  
Taylor and colleagues (2005) examined the geographic variability of the bacterial 
community of sponge Cymbastela concentrica from the eastern Australian coast. The 
study revealed the composition of the community remained similar throughout a 500 
kilometers area. Webster et al. (2004) further characterized the whole microbial 
community (archaeal, bacterial and eukaryotic) from five Antarctic sponges throughout a 
10 kilometers transect. Phylogenetic analysis reported highly consistent communities 
among co-specific hosts. Additionally, the bacterial communities differed among host 
species, but even at different locations conserved the referred consistency.  
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Further than through geographical areas, these associations seem to be 
maintained through time. Friedrich and colleagues (2001) incubated organisms of sponge 
specie of Aplysina aerophoba in untreated water for 11 days and observed no significant 
changes in the microbial population within the sponge tissues. In 2004, Taylor and 
colleagues carried out a study to understand whether co-occurring sponge species 
Cymbastela concentrica, Callyspongia sp. and Stylinos sp. harbored particular microbial 
communities. The study uncovered the existence of apparently stable bacterial 
communities over the course of one year (Taylor et al., 2004). Interestingly, in 
Callyspongia sp. and Stylinos sp., the sponges whose bacterial communities were most 
similar to seawater, the variations registered occurred independently of those that 
occurred in the surrounding seawater. Such data further highlights the structural 
differences between bacterial communities of both biotopes, even considering LMA 
sponges. 
 Sponge-associated microbial communities seem to be stable within individuals 
and through time. Nonetheless, specific subsets of the overall community can occur 
consistently within the same sponge species from different locations. This phenomenon, 
in which specific microbial communities of different sponge species may be the result of 
highly evolved relations maintained by vertical transmission within the sponge specie, was 
first proposed in the early 60’s. Since then, vertical transmission of bacterial symbionts 
through embryos has been explored for several sponge species (Lee et al., 2009). 
Recently, Sharp and colleagues (2007) published strong evidences that even complex 
bacterial communities can be vertically transmitted in the tropical sponge Corticium sp.. 
Their research has revealed that bacteria can be acquired by sponge embryos during 
embryogenesis indicating a specialized mechanism of transfer during embryonic 
development. 
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Recent advances in metagenomic approaches - a new tool for exploiting the 
sponge-associated microorganisms biotechnology 
 
The introduction of DNA sequencing technologies revealed that cultured 
microorganisms are a mere fraction of the total diversity; only an estimate 1% of 
microorganisms can grow under laboratory conditions (Reid & Buckley, 2011). With the 
development of community genomics (metagenomics), we have now access to the 
uncultured majority and its biotechnological potential (Wilson & Piel, 2013). 
Metagenomic approaches to discover novel natural products have provided valuable 
insights into the chemistry of uncultivable organisms. Typical steps of a metagenomic 
workflow are illustrated in Figure 2. In the following sections we will focus two different 
approaches; the traditional construction of metagenomic libraries and the recent 
advances in high-throughput sequencing technologies and its potential.   
 
Construction of metagenomic libraries 
The construction of a library of environmental DNA in a suitable host can be a 
powerful tool for investigating the biosynthetic potential of unculturable microorganisms. 
High molecular weight environmental DNA, isolated from the environmental sample, is 
the starting point, although enrichment of specific cell populations can be performed 
prior to isolation to enhance the representation of target organisms in the sample and 
target them for distinct analysis. In the construction of a genomic library, the choice of 
host and vector are absolutely critical. Its success can depend on this step. Escherichia 
coli is the most common host, although specific function-based screening protocols can 
require particular DNA recipients (Brady et al., 2009), while cosmid and fosmid vectors 
are the most common ones. Partially due to their high stability, capacity to load fragments 
of great dimension (35-45 kb), and ability to be easily transfected into E. coli cells (Piel, 
2011). Here, the library can be screened for its function or homology. Directed functional-
based screening (i.e. directed for modified phenotypes or specific enzymatic function) is, 
actually, a common and efficient method for identifying metabolites, biocatalysts or even 
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novel biochemical mechanisms (Wilson & Piel, 2013). Furthermore, this screening can be 
based on color, zones of inhibition on bacterial or fungal lawns, and specific reporter 
genes which are activated when a specific target from the DNA sample is expressed (Piel, 
2011). 
 
High-throughput sequencing, a game-changing technology 
The complexity of microbial assemblages and the technical constrains associated 
to measure its components have limited our understating of the structure and function 
of sponge-associated microbes. However, despite the minor percentage of sponge-
associated cultivable microorganisms, recent advances in molecular techniques, such as 
next generation high-throughput sequencing DNA technologies, now enable us to 
uncover microbial communities at an unprecedented level of detail.  
The development of next-generation technologies was greatly stimulated by the 
largest collaborative biological project to date - the Human Genome project. This project 
started in 1990 with the first draft genome being published in 2001; costing approximately 
US$3 billion (van Dijk et al., 2014). In 2004 the National Human Genome Research 
Institute launch a funding program to reduce the cost of human sequencing, establishing 
a goal that seemed almost fictional; the reduction of the human genome sequencing to 
US$1000 in ten years (Schloss, 2008). This stimulated the development of high-
throughput next generation sequencing, with the Illumina HiSeq X Ten breaking the 
barrier of the US$1000 genome in 2014. A quick overview of the price evolution is 
presented in Figure 3. This substantial cost reduction and the increase in throughput has 
made it technically and economically feasible to sequence community DNA, without 
previous cloning or cultivation. Although initially it was limited to DNA, it is now possible 
to sequence RNA; thus obtaining a snapshot of what part of the genetic capability of the 
microbial community function is being actually used (Reid, 2011).  
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This revolution in sequencing technologies has allow deeper insights into sponge-
associated microbiome and the sponge itself, at several orders of magnitude higher than 
it was previous possible, shifting our perception of the microbial structure and function 
in sponges (Webster et al., 2010; Jackson et al., 2012). Furthermore, besides the 
ecological insights, by using a variety of bioinformatics screening methods the discovery 
of novel biocatalysts and biosynthetic genes can be identified at higher speed. 
The use of metagenomics to isolate biosynthetic genes and gene clusters can be 
particularly useful when chasing after compounds produced by unculturable symbionts. 
Genome mining approaches could provide the foundation for development of new 
natural products based on gene clusters expressed from uncultured symbionts (Piel, 
2011). 
Figure 3 Evolution of the cost of sequencing a human genome from 2001 to 
2014. Adapted from van Dijk et al. (2014). 
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Gene homology-based screening does not require expression of biosynthetic 
genes for detection. Instead, it relies on sequence similarity to previously known 
biosynthetic genes. Natural products are often synthesized by gene clusters whose 
dimension exceed the insert size limit of cosmid, fosmid or BAC vectors  (Wilson & Piel, 
2013). Here, degenerated primers from conserved regions of biosynthetic targets can be 
used to PCR amplify particular gene fragments, from which specific PCR primers can be 
generated for screening a metagenomic clone library for genes or pathways hard to detect 
in functional screens (Brady et al., 2009), such as modular polyketide synthesis (PKS) or 
nonribosomal peptide synthesis (NRPS) pathways.  In the end, the identification of a 
natural product biosynthetic gene cluster will lead to heterologous expression of the 
entire cluster and production of its compound. Metagenomics’ potential to revolutionize 
large-scale and sustainable production of bioactive compounds produced, in particular, 
by yet uncultivated microorganisms is unquestionable (Wilson & Piel, 2013). Nonetheless, 
assembly can become very challenging. PKS and NRPS pathways can be particularly hard 
to assembly and complex systems which houses thousands of different species of 
microorganisms with several PKS and NRPS genes that can rarely be attributed to a 
specific producer (Piel, 2011). But every problem has a solution. Single-cell genomics has 
been developed to fulfill this gap. Through it, the genome of an isolated cell from a 
complex microbial community can be amplified and sequenced or screened in order to 
identify particular genes or pathways (Wilson & Piel, 2013) (and references therein). 
The greatest technologies often carry the greatest technical challenges. Next-
generation sequencing technologies are improving as fast as its price is dropping. 
Nowadays, the amount of data generated by a single unit can be incredibly hard to analyze 
without the help of genome mining tools. However, these approaches grounded on 
homology-based queries limit greatly the identification of novel compounds. The solution 
may lay on new strategies for bioinformatic genome mining. Nonetheless, cultivation 
should remain an important piece in the discovery of natural products. Recently, advances 
in cocultivation and environmental simulation have shown that cultivation of (so far) 
unculturable bacteria can be achieved (Stewart, 2012). Application of semiporous culture 
chambers, where organisms can grow independently but exchange small molecules, such 
as nutrients and growth factors, identification of signaling molecules that regulate 
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microbial growth and creation of appropriate conditions are proving to be successful 
(Nichols et al., 2008).  
Integration of metagenomics with single-cell analysis, metatranscriptomics and 
proteomics can further enhance our understanding on how to express biosynthetic genes 
heterologously and grow uncultivated microorganisms under artificial conditions (Wilson 
& Piel, 2013). 
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Figure 2 Typical steps of a metagenomic workflow (Wilson and Piel, 2013). 
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Marine sponges are the sea’s greatest producers of novel compounds (Taylor et 
al., 2007a). The occurrence of similar compounds, known exclusively from 
microorganisms, in unrelated sponges prompted the hypothesis that they could be of 
microbial origin (Piel, 2004), especially when chemical synthesis of natural products can 
be both hard and expensive (Sipkema et al., 2005b). These compounds have been shown 
to be important in conferring resistance to microbial infections and in overcoming 
predation and competition (Thacker, 2005). Broad competition for nutrients and space in 
the marine environment can be a powerful driving force leading to the development of 
effective strategies of colonization and growth of marine microorganisms. In fact, part of 
the secondary metabolites produced by them aim to antagonize the growth of other 
microorganisms (Burgess et al., 1999). The awareness that these compounds can be 
produced by associated microbes, integrally or partially, has rendered them heightened 
interest as they can represent a potentially unlimited supply of compounds for 
biomedical, pharmaceutical and biotechnological applications. 
In order to be encompassed in drug development pipelines, compounds must 
combine a unique pharmacological profile (i.e. new mechanism of action against a specific 
target), a controlled and effective action in human system and a commercially-accessible 
source of large-scale supply to solve the ‘supply problem’ early-on the development 
process (Sipkema et al., 2005b). Despite their potential, however, none of the sponge-
derived compounds discovered so far has been approved as a clinical treatment agent. 
Ara-A and Ara-C remain in a grey area: while they were commercialized as antiviral and 
anticancer agents, respectively, they are actually synthetic derivatives based on 
nucleosides spongothymidine and spongouridine found in sponge Cryptotethia crypta, 
not compounds isolated straight from the sponge (Santos-Gandelman et al., 2014) (and 
references therein). 
The aforementioned stability of microbial communities over space and time relies 
on the increased genomic flexibility these communities often present in order to remain 
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able to adapt constantly to changing environmental conditions (McDaniel et al., 2010). 
Such capacity largely increases the potential of enzymes produced by sponge-associated 
microorganisms for industrial application. These have been shown to produce amylases, 
cellulases, lipases and proteases (Kiran et al., 2008; Shanmughapriya et al., 2008, 2009, 
2010) suggested to play a role in the conversion of the filtered organic matter into 
nutrients for the sponge. The remarkable habitat these microorganisms inhabit gives 
them distinct features that enables them to produce distinct enzymes with unique 
properties. Amylases and proteases in particular, are among the most important industrial 
enzymes (Burhan et al., 2003; Shanmughapriya et al., 2009). 
 
Pharmacologically relevant compounds 
Sponge-associated bacteria have also been shown to produce enzymes with 
potential application in the treatment of neurodegenerative diseases such as Alzheimer 
and Parkinson. This potential lies on its capacity to inhibit acetylcholinesterase (AChE) 
activity. AChE inhibitors (AChEIs) increase the concentration of acetylcholine (ACh), 
essential in cholinergic brain synapses and neuromuscular junctions, by reducing the rate 
of its breakdown by AChE. Zhou and colleagues (2011) reported the first brominated ene-
tetrahydrofuran, isolated from Xestospongia testudinaria, displaying AChE inhibitory 
activity close to that of tacrine, mutafuran H. Tacrine is the active ingredient of one of the 
first approved drugs for the treatment of Alzheimer’s symptoms. More recently, Pandey 
et al. (2014) identified a potent AChEI produced by Bacillus subtilis strain M18SP4Q(ii), 
isolated from the marine sponge Fasciospongia cavernosa. There’s no cure for 
Alzheimer’s disease yet but, today, most of the approved drugs are AChEIs (Pandey et al., 
2014). Recent inclusion of AChEIs in the treatment for symptoms of the early stages of 
Alzheimer’s disease has encouraged a crescent interest into finding natural products with 
biotechnological potential (Williams et al., 2011). 
Curiously, giant barrel sponge X. testudinaria has been shown to produce 
compounds with potential clinical applications. Akiyama and colleagues (2013) reported 
the production of a new brominated acetylenic fatty acid, testufuran A, capable of 
increasing adiponectin secretion, a protein involved in regulation of diabetes mellitus and 
Biotechnological potential of sponge-associated microorganisms 
 - 55 - 
atherosclerosis. X. testudinaria has also been shown to be a source a new brominated 
polyunsaturated lipid whose activity was shown to be similar to that of Orlistat®, an 
approved anti-obesity drug clinically used for years (Liang et al., 2014).  
Members from Actinobacteria, Proteobacteria and Firmicutes phyla are the major 
producers of pharmacologically relevant compounds but, despite the great potential for 
drug development, so far none resulted in commercial medication (Santos-Gandelman et 
al., 2014). However some may be ‘close’. Salinosporamide A, produced by strains of the 
Salinispora genus, is currently in clinical trials as NPI-0052 (Marizomib) for treatment of 
leukemia, multiple myeloma and cancer, for its proteasome inhibition and anticancer 
potential (Feling et al., 2003; Fenical et al., 2009; Gulder & Moore, 2010; Niewerth et al., 
2014). In fact, Salinispora species are prolific producers of natural products particularly 
due to the gene clusters involved in the biosynthesis of natural products shared among 
them (Miyanaga et al., 2011). Bose and colleagues (2014) identified at least 57 new 
compounds potentially produced by S. arenicola and S. pacifica isolated from sponges 
Dercitus xanthus, Cinachyrella australiensis and Hyattella intestinalis from the Great 
Barrier Reef. Furthermore, S. arenicola strains have been found to produce 
antimycobacterial rifamycins (Kim et al., 2006), clinically relevant antibacterial agents 
previously observed only in the terrestrial soil actinobaterium Amycolatopsis 
mediterranei, broadening the scope of new natural products to be found and studied. 
Manzamine A produced by sponge Acanthostrongylophora sp.’s associated 
actynomycete Micromonospora sp. is among the most promising compounds since its 
antibacterial, anti-malarial, anti-HIV, anti-tumor, insecticidal and anti-inflammatory 
activities were revealed (Radwan et al. 2012). Although, growth of manzamine-producing 
Micromonospora sp. has been achieved in large scale through fermentation with the 
conservation of manzamine production, further research is needed in order to uncover 
its true potential and advance into clinical trials. 
Sometimes, the most harmful compounds are the most promising solutions. 
Brominated aliphatic hydrocarbons, such as ene-tetrahydrofurans, found in X. 
testudinaria are extremely toxic. Since AChE inhibition is considered one of the most 
important mechanisms of chemical defense of marine organisms, it is plausible to 
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speculate that brominated aliphatic hydrocarbons are probably involved in the sponge’s 
chemical defense (Key & Fulton, 2006). Metagenomic analysis of Theonella swinhoei 
revealed the bacterial production of potent cytotoxins, onnamides (Piel et al., 2004), 
closely related to an highly active antitumor polyketide pederin produced by a bacterial 
symbiont of terrestrial rove beetles Paederus fuscipes with the closest relationship to 
Pseudomonas aeruginosa. Pederin’s antitumor activity lies on its capacity to block the 
synthesis of proteins in the ribosomes of eukaryotic cells and, thus, inhibit mitose (Kellner 
& Dettner, 1996), but its potential can go beyond that. The way biosynthetic genes from 
T. swinhoei are clustered together (Figure 4) and can be isolated makes it plausible to 
believe that gene cloning and heterologous expression in a culturable host can help reach 
otherwise inaccessible potential new bioactive compounds (Piel et al., 2005). 
 
 
Figure 4 Comparison of the onnamide (onn) gene cluster with the pederin (ped) system. A. Map of the 
pederin gene cluster from P. fuscipes symbiont. Double slashes divide the three genomic regions. B. Map of 
the onnamide gene cluster and its correlation to pederin homologs. Adapted from Piel et al. (2004). 
 
Notwithstanding the antitumoral potential of pederin, such relation raised the 
question of what evolutionary forces may have led to the production of similar substances 
in symbionts of dissimilar hosts. Interestingly, metabolites highly similar to pederin, 
produced by the above referred bacterial symbiont of terrestrial rove beetles, have been 
found in several marine sponges (Bewley & Faulkner, 1998) getting both phyla closer. 
Phospholipase A2 (PLA2), produced by Dendrilla nigra’s associated bacterium 
Streptomyces dendra sp. nov. MSI051, is a hydrolytic enzyme with recognized 
biotechnological potential in the hydrolysis of the sn-2 acyl ester bond of phospholipases 
resulting in the release of a free fatty acid and a lysophospholipid, products encompassed 
in the generation of important second messengers that play important physiological roles. 
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Before its key functional role in the defense of sponges against predators was recognized, 
its ubiquitous defense action was only described in snake and bee venoms (Selvin, 2009). 
Isolation and growth of these symbionts in laboratorial conditions can allow the 
synthesis of a wide range of potentially and known bioactive products but there are other 
ways: metagenomics and genetic engineering. The use of metagenomics to isolate 
biosynthetic genes and gene clusters can be particularly useful when chasing after 
compounds produced by unculturable symbionts. Genome mining approaches could 
provide the foundation for development of new natural products based on gene clusters 
expressed from uncultured symbionts (Piel, 2011). Nonetheless, engineering of 
completely new compounds via gene recombination holds great potential and can 
actually be the future. Li and Piel (2002) performed it applying an established genetic 
system (Streptomyces lividans) and a novel integrative cosmid vector in order to clone, 
sequence and heterologously express the griseorhodin biosynthesis gene cluster of  
griseorhodin A. This molecule integrates a group of rubromycins that have been shown to 
inhibit telomerase activity (Yunt et al., 2009), known to be stimulated by cancer cells in 
order to control the indefinite growth capacity maintained by their telomeres (Saretzki, 
2003). Hence, griseorhodin A has the potential to include the group of new anticancer 
drugs whose cancer reversal approach is based on telomerase inhibition.  
 
Amylases 
Amylases are applied in food, brewing, distilling, detergent, textile, paper, leather, 
cosmetic, chemistry and medical industries (Burhan et al., 2003; Shanmughapriya et al., 
2009). They can be produced by plants and animals but the productivity and 
thermostability of microbial amylases made of them the most used in industry 
(Shanmughapriya et al., 2009).  The specificity of the processes where they are involved 
requires thermophilic and thermostable enzymes active and stable at elevated 
temperatures (80-110 ºC, according to the processes) to achieve a sustainable use 
(Lévêque et al., 2000). Therefore, there has been an ongoing interest in the discovery of 
new bacterial strains capable of producing such amylases to new industrial applications 
(Singh et al., 2014). In a study conducted by Mohapatra et al. (1998) a novel acidic amylase 
Biotechnological potential of sponge-associated microorganisms 
 
- 58 - 
was isolated from Mucor sp. associated with sponge Spirastrella sp.. Its maximum activity 
(41.84 U/ml) was reached at pH 5.0. More recently, Shanmughapriya and colleagues 
(2009) discovered a novel alkaline amylase produced by Halobacterium sp. strain 
MMD047 isolated from sponge Fasciospongia cavernosa. The strain has been shown to 
be capable of reaching its maximum amylase production yield (75.27 U/mg) in only 18h, 
whereas Bacillus cereus and Bacillus subtilis have been shown to need over 48h to reach 
its maximum production (Anto et al., 2006; Asgher et al., 2007). Additionally, 
Halobacterium sp. strain MMD047 has been shown to be capable of producing amylase 
with a specific activity of 206.53 U/mg after purification process, which represents a 2.74-
fold increase (Shanmughapriya et al., 2009). 
 
Proteases 
Proteases play a key role in the regulation of metabolic processes such as protein 
catabolism, blood coagulation, inflammation, zymogenes activation, hormones releasing, 
cell development, morphogenesis and tumor growth and metastasis (Rao et al., 1998).  
In 2003, a group of researchers investigated the capacity of bacteria associated 
with eight marine sponges to produce great levels of protease. Here, strains of 
Alcaligenes, Alteromonas, Bacillus, Corynebacterium, Flavobacterium, Micrococcus, 
Vibrio and one unidentified bacterium revealed pronounced protease activity ranging 
from 0.5 to 0.971 U/ml (Mohapatra et al., 2003). Shanmughapriya and colleagues (2008) 
isolated an endosymbiotic Roseobacter sp.  strain MMD040 from marine sponge 
Fasciospongia cavernosa capable of producing high yields of protease (1.125 U/mg) under 
optimal conditions. Suzuki et al. (1997) reported ATP-dependent proteases Clp and FtsH 
conserved between bacteria and eukaryotes believed to act as chaperones and mediate 
the insertion of proteins into membranes and the disassembly or oligomerization of 
protein complexes. Curiously, Chung & Goldberg (1981) reported years before an ATP-
dependent protease, product of lon gene, which plays a critical role in the hydrolysis of 
abnormal proteins in Escherichia coli. This mechanism becomes increasingly interesting 
as we consider that accumulation of abnormal proteins can be directly related to several 
human degenerative diseases such as frontotemporal dementia (FTD), Alzheimer’s 
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disease and amyotrophic lateral sclerosis (ALS) (Huang & Mucke, 2012; Ash et al., 2013). 
The development of a highly-specific, controlled and effective treatment based on 
proteolysis of abnormal proteins could have a wide application in medicine. 
Proteases seem to play on both sides of the fence. Further than being a product 
of a gene they can modulate gene expression in a way that proteolysis of a repressor, by 
an ATP-dependent protease, can result in a derepression of the gene (Roberts et al., 
1977). This inactivation runs on the same mechanism that works during induction of SOS 
response to DNA damage. In fact, specific gene products of recA and lexA genes may be 
directly involved in the referred inactivation, as mutations tif-1 and spr-51 responsible for 
expression of SOS functions seem to map these genes. In this line, the study conducted 
by Isono et al. (1978) revealed that ‘enzymes’ can modify ribosomal proteins and play a 
crucial role in the assembly, structure and function of the ribosome, and thus in the 
regulation of translation. 
Proteases currently are applied in the detergent, silver, food, leather, chemical and 
pharmaceutical industries (Shanmughapriya et al., 2008). They account for approximately 
60% of the total worldwide enzyme market (Rao et al., 1998), expected to be worth 
US$2767 million by 2019 (Markets and Markets, 2014). Proteases of microbial source 
account for approximately 40% of the total worldwide production of enzymes (Rao et al., 
1998). Furthermore, over 50% of the industrially important enzymes are produced from 
genetically engineered microorganisms (Rao et al., 1998). This manipulation is carried out 
either to study their properties, structure and role in the pathogenicity of the 
microorganism, since the virulence of bacteria is often related to the secreted 
extracellular proteases, or to fuel their overproduction to meet the market demands (Rao 
et al., 1998). The aforementioned specificity of the industrial processes require target-
specific enzymes active and stable within a narrow range of pH and temperature values. 
Unfortunately, most of the enzymes also require specific substrates, incubation period, 
and pH and temperature values in order to reach productive yields. Over the last decades, 
enzyme engineering has been proved to be a plausible solution to enhance the 
productivity of those processes. Qin et al. (2008) improved the optimum pH and catalytic 
efficiency of Trichoderma reesei endo-beta-1,4-glucanase II through combination of 
saturation and random mutagenesis, and DNA shuffling techniques. In the end, they 
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managed to rise the optimum pH value of one mutant in 1 unit without the loss of 
efficiency, and achieve a 4.5-fold higher activity of another mutant against the wild-type 
at the same pH value. Jaouadi and colleagues (2010) achieved the production of a mutant 
protease whose optimum temperature is 10. ºC higher than that of the wild type in 
Escherichia coli, through the introduction of disulfide bonds by site-directed mutagenesis 
(SDM). Furthermore, the researchers also achieved a 31-fold enhancement of the 
catalytic efficiency of the same protease. Industrial processes often require specific 
substrates that can differ from the natural substrates of enzymes. Here, substrate-
specificity of protease could become a problem, but introduction of point mutations into 
the substrate-binding site of proteases has been shown to improve its specificity (Graham 
et al., 1993). 
Proteases are truly a unique class of enzymes with an enormous physiological and 
commercial importance in the modern world. Especially, those produced by 
microorganisms. Their rapid growth, small space requisition and great accessibility for 
genetic manipulation has allowed the production of ‘tailor-made’ products with novel 
properties and heightened their successful application in industry. Furthermore, enzymes 
such as proteases have been key targets for the development of therapeutic agents 
against fatal diseases such as cancer, malaria and AIDS (Joyce et al., 2004; Rosenthal, 
2004; Yanchunas et al., 2005). 
Joyce and colleagues (2004) performed an experiment in which cathepsin cysteine 
proteases, upregulated in pancreatic islet tumors, were knocked out using a broad-
spectrum cysteine cathepsin inhibitor. Interestingly, the inhibition resulted in a decrease 
in the progression to invasive carcinoma and did not present any kind of toxicity. 
Proteolytic enzymes, particularly cysteine proteases, play critical roles in the life cycle of 
malaria parasites, in hemoglobin hydrolysis and erythrocyte rupture and invasion. 
Inhibition of these enzymes has been proved to exhibit antimalarial effects. Falcipain 
cysteine protease inhibitors have been shown to prevent hemoglobin hydrolysis, block 
parasite development and cure murine malaria (Rosenthal, 2003), in an accurate action 
mechanism. 
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Remarkably, it is in AIDS treatment that proteolytic enzymes, principally HIV-1 and 
HIV-2, have been prime targets for the development of drug therapy. Here, HIV protease 
inhibitors bind to the active site of the enzyme blocking its maturation into infectious 
virions (Brik & Wong, 2003). There are, in fact, several protease inhibitors licensed for HIV 
therapy (Amprenavir®, Atazanavir®, Darunavir®, Fosamprenavir®, Indinavir®, Lopinavir®, 
Nelfinavir®, Ritonavir®, Saquinavir® and Tipranavir®), including five second-generation 
protease inhibitors that work against HIV variants resistant to older drugs (Atazanavir®, 
Darunavir®, Fosamprenavir®, Lopinavir® and Tipranavir®). 
However, the long-term application of protease inhibitors is being compromised 
by the emergence of drug-resistant variants (Yanchunas et al., 2005). Retroviruses have 
particularly high mutation rates. Under the selective pressure of replication-inhibiting 
drugs, substitutions of only a few amino acid residues within the protease can change 
dramatically the active site of the enzyme and block the action of the inhibitor (van 
Maarseveen & Boucher, 2006). The combination of complementary drugs that inhibit key 
points of the HIV replication cycle simultaneously, rather than one drug at a time, helps 
minimize the development of drug-resistance, but so far no cure has been established. 
Considering the great number of human cancers that express high levels of 
cathepsin activity, the increasing resistance of malaria parasites to available drugs and the 
elevated mutation rate of retroviruses, the investment on the study of protease inhibition 
mechanisms and the development of new protease-targeting approaches may actually 
lead to the creation of promising strategies to fight cancer, malaria and AIDS. It is 
important that studies such as the one performed by Bose and colleagues (2014) involving 
chemometric approaches combined with metabolic profiling techniques start playing a 
major role in the screening of sponge bacterial natural products. 
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An important threat to the exploration of sponge-associated microorganisms 
biotechnology are the changes to sponge habitat due to anthropogenic action. Human 
activities such as fossil fuel combustion, fertilizer use, destructive fishing and industrial 
activities are fundamentally changing the ocean chemistry at a global scale and at rates 
that exceed the historical records (Doney, 2010). In fact, nitrogen-rich agricultural runoffs 
can fuel extensive and toxic phytoplankton blooms. Beman et al. (2005) predict that in 
2050 the global expansion of industrialized agriculture will lead to the increase of the use 
of nitrogen-based fertilizer two or three times, particularly, close to nitrogen-vulnerable 
marine areas. Here, 27 to 59% of all nitrogen fertilizer will probably be applied in regions 
upstream of nitrogen-deficit marine areas, increasing dramatically the vulnerability and 
disturbing the structure and function of the surrounding marine ecosystems (Beman et 
al., 2005). 
Destructive fishing, such as the use of fine mesh nets, and blast, dynamite or toxic 
fishing, further than target organisms, threatens the sustainability of the entire 
ecosystem, disrupting trophic relations, damaging species composition and richness, and 
ultimately declining the ecosystem dynamics (Bacalso & Wolff, 2014; and references 
therein). Moreover, destructive fishing is predicted to result in gradually lower catches 
and, consequently, less income through time (Bailey & Sumaila, 2015). Contrariwise, 
(Bailey & Sumaila, 2015) have recently anticipated the elimination of explosive and toxic 
approaches could result in higher and consistent productivity through time. Destructive 
fishing has been shown in the past to provoke severe and long-term damages to coral-
dependent fish populations via destruction of coral reefs essential for refuge (Ainsworth 
et al., 2008). 
Climate change and environmental stress-related disruption of the microbial 
symbiosis may have a significant impact on the development and protection of marine 
sponges against contamination, predation and, particularly, diseases (Santos-Gandelman 
et al., 2014). Sponge disease has been reported for over a century (Carter, 1878). In fact, 
one of the most dramatic examples was the epidemic in the Caribbean in 1938, described 
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by Smith (1941), in which 70-95% of sponges specimens disappeared. However, over the 
last years, disease and commercial sponge harvesting have taken numerous sponge 
populations close to extinction (Gaino et al., 1992). Disease in marine organisms can be 
easily circumscribed to key elements: rise of seawater temperature, nutrient enrichment, 
introduction of new species and anthropogenic pollution. In fact, Bruno et al., (2003) 
reported an increase in the impact of coral disease after increased nutrient exposure 
strengthening the idea that elevated concentration of inorganic nitrogen and phosphorus 
can affect disease dynamics and increase pathogen virulence and fitness. 
Nevertheless, global climate change will play the most crucial role on the future 
of marine organisms. Anthropogenic emissions of carbon dioxide (CO2) have increased 
from approximately 280 ppm (parts per million) to nearly 397 ppm between the 
preindustrial era and 2015 (Indermühle et al., 1999; NOAA, 2015). Consequently, the 
increasing atmospheric CO2 concentration is leading to net air-to-sea flux of CO2 that is 
reducing seawater pH and modifying the chemical balance among inorganic carbon 
species (Coelho et al., 2013). Oceanic pH will decline 0.3 to 0.4 units by the end of this 
century, and up to 0.7 units in 2300 (Caldeira & Wickett, 2003) affecting dramatically 
organisms whose skeleton or shells contain calcium carbonate, such as those composing 
coral reefs. For example, a recent survey along a natural CO2 gradient has highlighted the 
potential effect of ocean acidification in sponge composition, in particular in demosponge 
species (Goodwin et al., 2014). Interesting, also along a natural CO2 gradient, Morrow et 
al. (2015) found that increase CO2 lead to an increase in photosynthetic microorganisms 
that potentially provides more nutrients to the sponge and, therefore, may increase their 
growth under these conditions (Morrow et al. 2015). Furthermore, organisms establishing 
symbiotic relationships with microorganism can also be disturbed, as microbial-mediated 
processes such as carbon and nitrogen cycles may also be affected by this decline. 
Moreover, the Intergovernmental Panel on Climate Change (IPCC) has predicted a rise of 
1-5 ºC in seawater temperature by 2100 (Webster, 2007) that can be just enough to 
increase the impact of disease outbreaks. Temperature rising can enhance prevalence and 
virulence of pathogens, and virulence of sponge disease has already been linked to high 
seawater temperature in the past (Sutherland et al., 2004) (and references therein). 
Webster et al. (2008) demonstrated that when temperature rise above 33ºC, there is a 
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marked change in the structure of microbial symbionts of the marine sponge 
Rhopaloeides odorabile; favoring microbes that had a high similarity with sequences 
retrieved from disease and bleached corals (Webster et al., 2008; Pantile & Webster, 
2011). Overall, these examples illustrate the potential that changes in global environment 
could have in the ecology of sponge-associated microorganisms, compromising the 
exploration of their full biotechnological potential.  
Another well know challenge for the exploration of the sponge-associated 
microorganisms biotechnology is the supply of the sponge biomass necessary to extract 
sufficient amount of bioactive compounds for preclinical development. The investment in 
the synthesis route for complex molecules is generally done after the efficiency of the 
bioactive compound has been proven (Schippers et al., 2012). The isolation and 
cultivation of associated microorganisms is not always possible or desirable. Metabolic 
and nutritional interdependences between the microorganisms and the sponge host are 
extremely difficult to obtain; even if the microorganisms can be cultivated it may stop 
producing the compound of interested due to unknown dependencies with the sponge 
host (Taylor et al., 2007). A possible solution for this problem may come from the 
development of aquaculture techniques that cultivate both the invertebrate host and the 
associated microbial community (Leal et al., 2014). 
Ex situ aquaculture allows the manipulation of environmental conditions in order 
to maximize the biomass of target species. The use of controlled, optimized and stable 
conditions enhances the compound production rate to impressively higher levels than 
that for in situ aquaculture. Furthermore, ex situ systems prevent the risk of genetic 
contamination of natural populations commonly related to mass culture of single 
genotypes in the wild (Cognetti et al., 2006). Nonetheless, it requires a high investment 
in building and operating the culture facilities, and strong control of effluents loaded with 
nutrients, drugs and chemicals to minimize its environmental impact. Ex situ cultures have 
already been shown to increase the growth of cultured species, regulate the presence of 
symbionts known to be involved in the production of target compounds, and enhance the 
yields of target compounds (Leal et al., 2014) (and references therein). They may actually 
represent a sustainable solution, particularly, when several sponges presenting potential 
for drug discovery can’t be found in the required volume in nature. Halichondrin B, 
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isolated from sponge Halichondria okadai, is behind the discovery of Halaven®’s active 
compound anticancer activity.  The compound is found in nature in such minimal amounts 
(less than 1 mg kg-1 of wet sponge biomass) that its extraction becomes unsustainable. 
The synthesis of a chemically synthesized halichondrin B analogue, with similar activity, 
was only achieved through controlled ex situ aquaculture (Munro et al., 1999). 
In situ aquaculture, or mariculture, on the other hand relies completely on natural 
conditions for the growth of target species (Figure 5). It requires no adaptation to an 
artificial system but exposes target species to potentially limiting environmental 
conditions that can restrict their development, as manipulation of culture conditions of 
in situ aquaculture is greatly limited to the selection of the production site (Page et al., 
2011). Still, this decision plays a critical role on the success of the aquaculture as each 
area may present particular environmental conditions. 
 
 
Figure 5 Mediterranean sponges in sea-based aquacultures. A. Culture frame with spike-cultures of Dysidea 
avara. Adapted from Leal et al. (2014). B. Culture cage with grid-cultures of Chondrosia reniformis. Adapted 
from Osinga et al. (2010). 
 
Nevertheless, sponges have been shown to preserve, or even enhance, their 
production yields of bioactive compounds in mariculture (Osinga et al., 2010; Ruiz et al., 
2013). Cultured explants of Discodermia dissoluta presented higher levels of 
discodermolide than wild specimens after 6 months of mariculture (Ruiz et al., 2013). 
Nevertheless, the overall compound concentration was 27 mg kg-1 of wet sponge. This 
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ratio would require the harvesting of 38 kg of sponge in order to extract 1 g of target 
compound. Mariculture of Dysidea avara can reach higher yields of avarol. Here, even the 
target compound concentration similar to that displayed by wild sponges (2 000 mg kg-1 
of wet sponge) would require the harvesting of only 0.5 kg of sponge in order to extract 
the same amount of target compound (Sipkema et al., 2005b). 
In fact, low weight of bioactive compounds in marine invertebrates is fairly 
common. However, in clinical trials and, once the compound proceeds through them, in 
drug production this limitation can impair its commercialization. To supply 
pharmaceutical development, the extraction of kilograms of the target compound may 
represent the harvesting of tones of the invertebrate (Munro et al., 1999), triggering 
supply problems. Pharmaceutical industry is currently prompting the development of 
synthetic or hemisynthetic analogues, heterologous gene expression, and design of 
similar, but less complex, molecules (Piel, 2011; Radjasa et al., 2011). Nonetheless, the 
synthesis of artificial molecules in large scale can become incredibly difficult, long and 
expensive (Sipkema et al., 2005). Furthermore, our lack of knowledge on the role played 
by the remaining microbial community or the host on the expression of target genes still 
defies our ability to exploit the full potential of heterologous gene expression (Piel, 2011). 
Here, the ex situ aquaculture of the holobiont under controlled environmental 
parameters can stabilize the host and the microbial community, and emerge as a 
promising approach to achieve higher levels of target compound production, particularly, 
when these are found in rare invertebrate hosts. 
Remarkably, as previously referred, advances in metagenomic and molecular 
biology techniques not only allow understanding the ecology of sponge-associated 
microorganism, but could also provide an interesting tool to help solve the “supply 
problem”. Enzyme production can be taken as example. Its elevated costs can be a major 
obstacle in the crescent application of proteases in industry. In order to overcome it, 
protease production yields have been improved, essentially, through screening for 
hyperproducing strains, overexpression of proteases and genetic manipulation of both 
enzymes and microorganisms. Indeed, transfer of the biosynthetic genetic machinery 
from the invertebrate host to an easily cultivable microorganism can be the solution to 
solve the ‘supply problem’ of natural products. The possibility to safely genetically 
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manipulate microorganisms to overexpress desired genes and reach higher yields without 
harming more organisms seems to be a promising e attainable pathway. However, 
significant improvements in the current knowledge regarding the molecular biology and 
chemistry of these products are required. 
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Concluding remarks 
 
Marine sponges are among the richest sources of pharmacologically active 
chemical compounds isolated from marine organisms but there’s an urgent need for 
understanding their symbiont ecology as the biotechnological potential of their 
microorganisms remains little investigated and discussed (Santos-Gandelman et al., 
2014). There are distinct uncultured apparently obligate symbionts associated with 
sponges that, so far, seem to be attainable only via culture-independent genome and gene 
retrieval strategies. However, biotechnology has grown dramatically over the years. 
Advances in microbiology and biotechnology have created a favorable atmosphere for the 
development of new compounds and will continue to contribute to a sustainable 
environment and an improvement of the quality of life of mankind as long as we bet on 
them. Despite this progress, extensive and focused approaches aided by genomic, 
metabolomics and biomedical analysis could lead to a greater understanding of sponge-
associated microorganisms interaction, relationship and potential, and to the discovery 
of new bioactive compounds (Santos-Gandelman et al., 2014). 
History of drug development has shown that, in the discovery of natural products, 
the native molecule rarely becomes the active ingredient of the approved drug. Instead, 
it becomes the starting point for the derivatization of functional analogues (Sipkema et 
al., 2005b). This is partially due to the enormous volume required to the production of 
pharmaceuticals or to the high complexity of most of the natural compounds. Here, the 
‘supply problem’ has been a major limiting factor. The amount of pure compound 
required increases from milligrams to kilograms as the compound progresses in the drug 
development pipeline (Leal et al., 2014). In the later stages, the required volume of pure 
compound can comprise the capture, or production, of several tones of the producing 
organisms. Hence, the pharmaceutical industry has been prompting the development of 
synthetic or hemisynthetic analogues, expression of heterologous genes, design of less 
complex molecules with similar bioactive potential (Piel, 2011; Radjasa et al., 2011). 
However, high complexity of particular natural molecules, requirement of an affordable 
large-scale production, and our lack of understanding on the effect of symbiosis, with the 
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host or community members, on the production of interesting molecules remains a 
barrier impairing drug discovery. 
Still, combination of different approaches such as genetic modification of source 
genes, bacterial fermentation to produce precursor molecules, and post-fermentation 
chemical synthesis can become the top strategy for the production of drugs (Sipkema et 
al., 2005b). 
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Compositional analysis of bacterial communities in seawater, sediment and 
high and low microbial abundance sponges in the Misool coral reef system, 
Indonesia 
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Abstract 
 
Sponge species have been deemed "high microbial abundance" (HMA) or "low 
microbial abundance"(LMA) based on the composition and abundance of their microbial 
symbionts. In the present study we evaluated the richness and composition of bacterial 
communities associated with one HMA (Xestospongia testudinaria), one LMA (Stylissa 
carteri) and one sponge with a hitherto unknown microbial community (Aaptos 
suberitoides) inhabiting the Misool coral reef system in the West Papua province, 
Indonesia. The bacterial communities of these sponge species were also compared with 
bacterioplankton and sediment bacterial communities from the same open coastal coral 
reef habitat. Using a 16S rRNA gene barcoded pyrosequencing approach we showed that 
the most abundant phylum overall was Proteobacteria. The biotope (sponge species, 
sediment or seawater) explained almost 84% of the variation in bacterial composition 
with highly significant differences in composition among biotopes and a clear separation 
between bacterial communities from (1) seawater and S. carteri; (2) X. testudinaria and 
A. suberitoides and (3) sediment. The Chloroflexi classes SAR202 and Anaerolineae were 
most abundant in A. suberitoides and X. testudinaria and both of these species shared 
several OTUs that were largely absent in the remaining biotopes. This indicates that A. 
suberitoides is a HMA sponge. Compositional similarities were also observed between S. 
carteri and seawater. These results confirm compositional differences between sponge 
and non-sponge biotopes and between HMA and LMA sponges. 
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Introduction 
 
Coral reefs are highly diverse, but also globally threatened ecosystems. Local 
perturbations including overfishing and pollution combined with global phenomena such 
as coral bleaching have had a sometimes disastrous effect on coral reefs (Jackson et al. 
2001, Pandolfi et al. 2003, Bruno & Selig 2007, De'ath et al. 2012). Coral cover in certain 
reefs has virtually disappeared leading to the loss of important ecosystem services such 
as renewable resources (e.g., fisheries), protection against erosion, and nutrient cycling 
(Moberg and Folke, 1999). The loss of coral cover also leads to the loss of dependent 
species such as numerous fish species and shifts in composition to reefs dominated by 
non-coral taxa such as algae or sponges (Bellwood et al. 2004).  
Sponges (Phylum Porifera) are ancient metazoans (van Soest et al., 2012) with a 
fossil record dating back to the Precambrian (Li et al., 1998). The majority of the 8500 
formally described living species belong to the class Demospongia (demosponges) 
(Borchiellini et al., 2001; van Soest et al., 2012). The remaining species represent the 
classes Hexactinellida (glass sponges) and Calcarea (calcareous sponges) (Hentschel et al., 
2006). They have successfully colonised a range of aquatic environments from tropical to 
polar, shallow to deep water, and marine and freshwater (Rützler, 2004). They are also 
structurally important components of coral reefs where they provide shelter for 
numerous organisms and contribute to reef regeneration and stabilisation (de Voogd et 
al., 2006). In addition to the above, they are one of the most important marine sources 
of promising pharmaceutical compounds (Faulkner, 2002; Taylor et al., 2007). 
Sponges are known to host large communities of microbial symbionts of known 
ecological and biotechnological importance (Freeman & Thacker, 2011). They are also 
unique and, depending on the species, highly selective environments for microbes 
(Hentschel et al., 2006; Freeman & Thacker, 2011; Cleary et al., 2013). The prokaryote 
metabolism requires nitrogen and carbon, and sponges produce both, often in ample 
quantities, by releasing ammonia, as an end product of their metabolism, and 
carbohydrates and amino acids, as a consequence of phagocytosis (Hentschel et al., 
2006). Microbial symbionts in turn provide sponges with important nutrients (Flatt et al., 
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2005), process metabolic waste, improve host defense and stabilise the host skeleton 
(Hentschel et al., 2006). Some sponge species also house specific microbial communities 
that may be similar over large geographical distances (Flatt et al., 2005). 
Microbes inhabit the mesophyll matrix of most demosponges (Hentschel et al., 
2003). The abundance and composition of sponge-associated microorganisms can vary 
greatly among sponge species, including those inhabiting the same habitat (Cleary et al., 
2013, Cleary et al. 2015, de Voogd et al. 2015). High-microbial-abundance (HMA) sponges 
can contain around 1010 bacterial cells g-1 wet weight of sponge (2 to 4 orders of 
magnitude higher than concentrations in sea water) (Hentschel et al., 2006), while low-
microbial abundance (LMA) sponges contain around 106 cells g-1 (similar to 
concentrations in sea water) (Kamke et al., 2010).  
HMA sponges also tend to host more diverse bacterial communities including 
Proteobacteria, Chloroflexi, Acidobacteria, Actinobacteria (Gloeckner et al. 2014). 
Previously, the determination of HMA or LMA status was made on the basis of electron 
microscopy and morphotype with HMA sponges containing more densely packed 
microbial communities and smaller canals and choanocyte chambers compared to LMA 
sponges (Vacelet and Donadey 1977; Schlappy et al., 2010) Gloeckner et al. (2014), 
however showed that electron microscopy was not always sufficient to determine HMA 
or LMA status and that sponges existed with intermediate microbial abundances. They, 
therefore, suggested combining electron microscopy with 16S rRNA gene sequence data. 
The latter may in fact be a better determinant given the sometimes ambiguous results 
obtained by Gloeckner et al. (2014). 
In the present study, we compared the richness and composition of bacteria in 
three sponge species inhabiting open coastal habitat, sediment and seawater from a coral 
reef system in South East Misool, Raja Ampat, Indonesia. Located on the northwestern tip 
of Papua, eastern Indonesia, the Raja Ampat region consists of nearly 1500 islands, and is 
considered an area with a global priority for conservation (Roberts et al. 2002). It is among 
the most biodiverse regions on Earth possessing over 75% of the world’s coral species and 
almost a thousand species of reef fish (e.g., McKenna et al. 2002, Allen 2008, Allen & 
Erdmann 2009, Mangubhai et al. 2012). The reefs and mangrove systems in SE Misool 
encompass an area of outstanding marine biological diversity (e.g., McKenna et al. 2002, 
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Allen 2008, Mangubhai et al. 2012, Becking et al. 2014) and harbour some of the most 
pristine reefs in Indonesia (McKenna et al. 2002, Mangubhai et al. 2012, Grantham et al. 
2013). As a result, a Marine Protected Area of 343 200 ha was established in SE Misool in 
2009 (KKPD Misool Timur-Selatan). 
We focused on bacterial communities of the low microbial abundance (LMA) 
sponge Stylissa carteri Dendy, 1889 and the high microbial abundance (HMA) giant barrel 
sponge Xestospongia testudinaria Lamarck, 1815 in addition to the sponge Aaptos 
suberitoides Brøndsted, 1934. We compared the bacterial communities of these sponges 
with bacterioplankton and sediment bacterial communities. This is the first study to 
assess the bacterial community of A. suberitoides.  
Stylissa carteri is a common Indo-Pacific bright orange flabelliform sponge that 
occurs from the Red Sea to Taiwan (de Voogd & Cleary, 2008, Giles et al., 2015). Numerous 
bromopyrolle alkaloids with promising antiviral, antibacterial and anticancer properties 
have been isolated from species belonging to the genus Stylissa (Rohde et al., 2012, Ebada 
et al., 2015). Xestospongia testudinaria (Lamarck, 1813) is one of the largest known 
sponges. It usually has an erect and barrel-shaped structure that can measure up to 2.4 
meters in height and width. The surface texture varies from smooth to highly digitate or 
lamellate (Swierts et al., 2013). It also has an incredible life span that may exceed 2000 
years (McMurrey et al., 2008). It can be found from the Red Sea to the Great Barrier Reef 
(Pham et al., 1999; de Voogd et al., 2006; Moitinho-Silva et al., 2014) and can be locally 
abundant in coral reefs, usually at depths greater than 10 meters. Xestospongia species 
are among the richest sources of pharmacologically active chemical compounds isolated 
from marine organisms. Xestospongia testudinaria has been shown to produce 
compounds with potential applications in the treatment of obesity, diabetes mellitus, 
arteriosclerosis and Alzheimer’s disease (Zhou et al., 2011b; Akiyama et al., 2013; Liang 
et al., 2014). Aaptos suberitoides (Brøndsted, 1934) occurs in shallow coral reefs in the 
coral triangle (de Voogd & Cleary, 2008). It forms thick irregular lobate masses that can 
occupy large parts of the reef. Its exterior is dark brown, but the interior is canary yellow 
and stains dark brown after preservation. It has been shown to produce compounds with 
antitumor, antimicrobial and antiviral activity (Aoki et al., 2006, Larghi et al., 2008, 
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Tsukamoto et al. 2010, Jin et al., 2011, Liu et al., 2012, Pham et al., 2013). Our specific 
goals were to (1) identify the most abundant higher bacterial taxa; (2) compare bacterial 
richness and composition among sponge hosts and non-sponge biotopes (sediment and 
seawater); (3) identify dominant bacterial OTUs and their closest known relatives.  
 
Material and methods 
 
Study site 
Samples of S. carteri, A. suberitoides and X. testudinaria were collected by 
snorkeling and SCUBA from the 13th to the 18th of September 2013 in South East Misool, 
Raja Ampat region, West Papua province in Indonesia (Fig. 1). SE Misool is part of a marine 
protected area of 343,200 ha established in 2009 (KKPD Misool Timur-Selatan). The 
equatorial location of Misool means that the main seasonal influence is driven by 
monsoons (Prentice and Hope, 2007). Misool is most influenced by the the southeast 
monsoon from May to October which is characterized by cooler sea surface temperatures 
(SSTs), persistent winds and strong ocean swell. The annual rainfall in Papua averages 
2500–4500 mm with inter-annual variability in rainfall due to the El Niño Southern 
Oscillation (ENSO; Prentice and Hope, 2007). There are seasonal differences in SSTs with 
an average SST of 29.0°C, ranging from 19.3 to 36.0 °C (Mangubhai et al. 2012) 
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Figure A- 1 Map of study area showing the location of the study sites. 
 
 
Data collection 
In the study area, small fragments of the interior and exterior parts of the sponges 
S. carteri (Demospongiae: Scopalinida - Scopalinidae), A. suberitoides (Demospongiae: 
Suberitida: Suberitidae) and X. testudinaria (Demospongiae: Haplosclerida: Petrosiidae) 
were sampled in order to sample, as much as possible, the whole bacterial community. 
Specimens were collected from shallow water reefs (depth range: 7-17 m) and identified 
in the field. Voucher specimens of sponges have been deposited in the sponge collection 
of the Naturalis Biodiversity Center (RMNH Porifera). Sediment samples were taken using 
mini cores; this consisted of sampling the top 5 cm of sediment with a plastic disposable 
syringe from which the end had been cut in order to facilitate sampling (Capone et al., 
1992). Seawater samples were collected by filtering one liter of seawater through a 
Millipore® White Isopore Membrane Filter (GTTP04700, 47 mm diameter, 0.22 µm pore 
size). Samples were stored in 96% EtOH. After sampling, tubes containing the samples 
were frozen or carried in ice during travel between fieldwork lodging and the Netherlands 
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and Portugal, where the samples were stored at -80. ºC until processing. For the present 
study, three samples each of the sponges S. carteri, A. suberitoides and X. testudinaria, 
sediment and seawater were assessed for bacterial community analysis.  
 
DNA extraction and pyrosequencing 
 
Total community-DNA extraction and 16S rRNA gene barcoded-pyrosequencing.  
We isolated PCR-ready total community DNA (TC-DNA) from sediment, seawater 
and sponge samples using the FastDNA® SPIN Kit (MP Biomedicals) following the 
manufacturer's instructions. Briefly, we prepared sediment samples by centrifuging each 
one for 30 min at 4400 rpm and 4 ºC; the membrane filter (seawater sample) and sponge 
samples were each cut into small pieces. The whole membrane filter and 500 mg of 
sediment and sponge were transferred to Lysing Matrix E tubes containing a mixture of 
ceramic and silica particles. The microbial cell lysis was performed in the FastPrep® 
Instrument (Q Biogene) for 80 seconds at the speed of 6.0. Extracted DNA was eluted into 
DNase/Pyrogen-Free Water to a final volume of 50 μl and stored at -20°C until use. Prior 
to pyrosequencing, the amplicons of the bacterial 16S rRNA gene were obtained using 
bacterial specific primers 27F and 1494R (Gomes et al. 2001). After a denaturation step 
at 94°C for 5 min, 25 thermal cycles of 45 sec at 94°C, 45 sec at 56°C and 1:30 min at 72°C 
were carried out followed by an extension step at 72°C for 10 min. Using the amplicons 
of the bacterial 16S rRNA gene as template, the V3V4 region was amplified, using 
barcoded fusion primers with the Roche-454 A Titanium sequencing adapters, a six-base 
barcode sequence, forward V3 primer 5’-ACTCCTACGGGAGGCAG-3’ (Wang and Qian 
2009) and V4 reverse degenerate primer 5’-TACNVRRGTHTCTAATYC-3’ (Ribosomal 
Database Project (RDP) (Release 10, Update 20) (http://rdp.cme.msu.edu/). 
Sequence analyses was performed using previously described methods (Cleary et 
al., 2015, de Voogd et al. 2015). Briefly, in QIIME, fasta and qual files were used as input 
for the split_libraries.py script. OTUs were selected using UPARSE with usearch7 (Edgar 
2013). Chimera checking was performed using the UCHIME algorithm, which is the fastest 
and most sensitive chimera checking algorithm currently available (Edgar et al. 2011). OTU 
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clustering was performed using the -cluster_otus command (cut-off threshold at 97%). 
(see Online Resource 1 for a detailed description). Closely related organisms of 
numerically abundant OTUs (≥ 200 sequences) were identified using the NCBI Basic Local 
Alignment Search Tool (BLAST) command line 'blastn' tool with the -db argument set to nt 
(Zhang et al., 2000). The DNA sequences generated in this study can be downloaded from 
the NCBI SRA. 
 
Phylogenetic tree 
Selected 16S rRNA gene sequences of the most dominant OTUs and 
representative cultured and uncultured closest relatives in GenBank 
[http://www.ncbi.nlm.nih.gov/] were aligned using ClustalW and a phylogenetic analysis 
conducted using MEGA 6 software (http://www.megasoftware.net/; last checked 2014 07 
09) (Tamura et al., 2013). A phylogenetic tree was constructed according to the 
Neighbour-Joining method and the evolutionary distances were computed using the 
Maximum Composite Likelihood method with a discrete Gamma distribution (2). In the 
results, we present a bootstrap consensus tree based on 1000 replicates. The bootstrap 
value is shown next to each branch when this exceeds 49%. This value represents the 
percentage of replicate trees in which the associated taxa clustered together. 
 
Statistical analysis 
A table containing the presence and abundance of all OTUs per sample was 
imported into R using the read.table() function. Plant organelles, mitochondria or 
sequences not classiﬁed as Bacteria (e.g., Archaea) were removed prior to statistical 
analysis.  
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Richness and higher taxon abundance 
We used a self-written function in R (Gomes et al., 2010) to estimate rarefied OTU 
richness for each sample. Care, however, should be taken in the interpretation of richness 
estimates based on sequence data given the prevalence of sequencing errors (Edgar 
2013). We tested for signiﬁcant differences in the relative abundance of selected higher 
taxon groups (phyla, classes and orders) among habitats with an analysis of deviance using 
the glm() function in R. As data were proportional, we ﬁrst applied a GLM with the family 
argument set to binomial. However, the ratio of residual deviance to residual d.f. in the 
models substantially exceeded one so we set family to ‘quasibinomial’. In the 
‘quasibinomial’ family, the dispersion parameter is not ﬁxed at one so that it can model 
over-dispersion. Using the GLM model, we tested for signiﬁcant variation among habitats 
using the anova() function in R with the F test, which is most appropriate when dispersion 
is estimated by moments as is the case with quasibinomial ﬁts.  
 
Composition 
The OTU abundance matrix was loge (x + 1) transformed (in order to normalise the 
distribution of the data) and a distance matrix was constructed using the Bray-Curtis index 
with the vegdist() function in the VEGAN package (Oksanen et al., 2009) in R. The Bray-
Curtis index is one of the most frequently applied (dis)similarity indices used in ecology 
(Legendre & Gallagher, 2001; Cleary, 2003; Polónia et al., 2015). Variation in OTU 
composition among biotopes (S. carteri, A. suberitoides, X. testudinaria, sediment and 
seawater) was assessed with Principal Coordinates Analysis (PCO) using the cmdscale() 
function in R with the Bray-Curtis distance matrix as input. Variation among locations was 
tested for signiﬁcance using the adonis() function in VEGAN. In the adonis analysis, the 
Bray–Curtis distance matrix of species composition was the response variable with the 
biotope as independent variable. The number of permutations was set at 999; all other 
arguments used the default values set in the function. Weighted averages scores were 
computed for OTUs on the ﬁrst two PCO axes using the wascores() function in the vegan 
package. Detailed descriptions of the functions used here can be found in R (e.g., 
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?cmdscale) and online in reference manuals (http://cran.r-
project.org/web/packages/vegan/index.html; 2015/05/29). 
 
Results 
The sequencing effort yielded 50223 sequences, which were assigned to 6400 
OTUs after quality control, OTU picking and removal of chimeras, chloroplasts, 
mitochondria and sequences not assigned to the Bacteria domain. OTU richness was by 
far highest in the sediment biotope and lowest in S. carteri (supp Fig. 1). The most 
abundant phylum overall was Proteobacteria where mean relative abundance ranged 
from 23.6 ± 2.9% in X. testudinaria to 80.3 ± 1.8% in S. carteri (supp Fig. 2). Chloroflexi 
were most abundant in A. suberitoides (30.5 ± 10.6%) and X. testudinaria (33.0 ± 6.0%), 
but represented less than 1% of sequences in S. carteri, sediment and seawater. The same 
held for Actinobacteria, which represented 16.0 ± 7.8 of A. suberitoides sequences and 
22.7 ± 3.2% of X. testudinaria sequences. The mean abundance of Actinobacteria in the 
other biotopes ranged from 0.1 ± 0.1 in S. carteri to 2.4 ± 1.5 in sediment. Bacteroidetes 
were most abundant in sediment (8.2 ± 2.4) and seawater (20.8 ± 26.6) but represented 
less than 1% of sequences in all sponge biotopes. Although highly variable within biotope 
samples, Cyanobacteria abundance was highest in S. carteri (9.0 ± 6.9) and seawater (9.9 
± 11.9) and much lower in sediment (1.5 ± 0.1), A. suberitoides (0.7 ± 0.6) and X. 
testudinaria (1.5 ± 1.5). 
 
Higher taxon abundance 
In line with the phylum-level results, there were marked differences in the 
abundance of classes and orders (Fig. 2). Sequences assigned to the Chloroflexi classes 
SAR202 and Anaerolineae and the order Caldilineales were largely restricted to A. 
suberitoides and X. testudinaria. The abundance of Gammaproteobacteria was greatest 
in S. carteri, largely due to the prevalence of OTUs assigned to the order Chromatiales. 
Deltaproteobacteria were most abundant in S. carteri and sediment, largely due to the 
order NB1−j in both biotopes and Desulfobacterales in sediment. Dominance was by far 
greatest in S. carteri with a mean of 47.4 ± 15.5 sequences assigned to a single OTU. In 
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contrast, dominance was lowest in sediment with a mean of only 4.4 ± 1.7 sequences 
assigned to a single OTU. 
 
 
Figure A-2 Mean (error bars represent a single standard deviation) relative abundance of the most abundant 
bacterial classes and orders and the most abundant OTU (dominant OTU) for samples from S. carteri (Sc), 
A. suberitoides (Ap), X. testudinaria (Xt), sediment (Sd) and seawater (Wt). Note that the abundance of the 
dominant OTU refers to the abundance of the most abundant OTU per sample and thus not the most 
abundant OTU overall. a Gammaproteobacteria, b Deltaproteobacteria, c Alphaproteobacteria, d 
Acidimicrobiia, e SAR202, f Anaerolineae, g Synechococcophysidae, h Nitrospira, i Chromatiales, j NB1−j, k 
Thiotrichales, l Rhodospirillales, m Caldilineales, n Rhodobacterales, o Clostridiales, p Rickettsiales, q 
Flavobacteriales, r HTCC2188, s Desulfobacterales and t the dominant OTUs. Results of the GLM analyses 
for each taxon are presented in the top right of each subfigure. 
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Importance of biotopes in structuring composition 
There was a highly significant difference in bacterial composition among biotopes 
(F3,8 = 13.07, P < 0.001, R2 = 0.839). Variation among biotopes thus explained almost 84% 
of the variation in composition. In the PCO ordination of the first two axes (Fig. 3), there 
are three distinct clusters, namely: a cluster of samples from A. suberitoides and X. 
testudinaria, a cluster of samples from sediment and a cluster of samples from S. carteri 
and seawater. The main axis (axis 1) separates samples of A. suberitoides and X. 
testudinaria from samples of S. carteri and seawater. The second axis (axis 2) separates all 
these samples from samples of sediment. For the purposes of this study, a total of 36 
OTUs were considered abundant (≥ 200 sequences). Only two abundant OTUs were 
associated with sediment. OTU-143 was restricted to sediment samples and closely 
related (>99% sequence similarity) to an organism obtained from marine sediment in the 
Philippines (Table 1). OTU-145 was mainly found in sediment in this study but shared 
100% sequence similarity with an organism previously obtained from the sponge 
Rhabdastrella globostellata in Guam. A number of OTUs were mainly found in seawater 
and S. carteri. This included OTU-45 related to an organism previously found in bottom 
seawater of the Atlantic abyss and OTU-811 previously found in Croatian marine lake 
water. Most of the abundant OTUs were associated with A. suberitoides and X. 
testudinaria and were often absent in other biotopes. This mainly included OTUs 
previously isolated from sponges and corals (e.g., OTUs 12 and 24). Most of these OTUs 
were shared between both sponge species although one (OTU-54) was restricted to A. 
suberitoides and three to X. testudinaria (OTUs 45, 48 and 658). OTUs 40 (restricted to X. 
testudinaria) and 54 (restricted to A. suberitoides) were both assigned to the phylum 
Gemmatimonadetes. 
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Figure A-3 Ordination showing the first two axes of the PCO analysis. a. Symbols represent samples from S. 
carteri (Sc), A. suberitoides (Ap), X. testudinaria (Xt), sediment (Sd) and seawater (Wt). b. Ordination 
showing only the most abundant OTUs. Numbers represent dominant (≥ 200 sequence reads) OTUs referred 
to in Table 1. Small circles represent OTUs < 200 sequence reads. 
 
The third PCO axis mainly separated S. carteri samples from seawater samples. 
OTUs associated with and restricted to S. carteri include OTUs 4, 10 and 65 all of which 
were related to organisms previously obtained from S. carteri in the Red Sea (Fig. 4 and 
Table 1). OTUs 15 and 31, which were associated with seawater samples were related to 
organisms previously obtained from shrimp pond and seawater samples in China. The 
fourth axis mainly separated samples of A. suberitoides and X. testudinaria. 
 
 
Figure A-4 Ordination showing the third and fourth axes of the PCO analysis. a. Symbols represent samples 
from S. carteri (Sc), A. suberitoides (Ap), X. testudinaria (Xt), sediment (Sd) and seawater (Wt). b. Ordination 
showing only the most abundant OTUs. Numbers represent dominant (≥ 200 sequence reads) OTUs referred 
to in Table 1. Small circles represent OTUs < 200 sequence reads. 
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In general, most of the sponge OTUs analysed here were either detected in more 
than one sponge biotope or were closely related to bacterial phylotypes associated with 
different sponge host species (Table 1 and Fig. 5). For example, A. suberitoides and X. 
testudinaria shared dominant bacterial symbionts (ApXt) closely related to bacterial 
phylotypes previously identified in a range of sponge hosts (Xestospongia muta, Aplysina 
cauliformis, Ircinia spp., Rhopaloeides odorabile, Astrosclera willeyana and Vaceletia 
crypta) in different geographical locations. Most abundant sponge OTUs were closely 
related to sponge bacterial symbionts from other studies from different sponge species. 
However, a few abudant OTUs, selectively enriched in X. testudinaria or S. carteri (OTUs 
4, 10, 48, 65 and 658) appear to represent sponge species specific associations.  
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Figure A-5 Phylogenetic tree of the bacterial 16S rRNA gene sequences recovered from S. carteri, A. 
suberitoides, X. testudinaria, sediment and seawater from Misool coral reef system. Bootstrap values lower 
than 50% were omitted. The number of each OTU is indicated 
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Discussion 
In line with previous studies (Cleary et al. 2015, de Voogd et al. 2015), the 
sediment biotope proved to be the richest. OTUs in sediment were mainly assigned to the 
Proteobacteria, but there were substantial numbers of OTUs assigned to other taxa 
including Actinobacteria, Bacteroidetes and Acidobacteria among others. OTUs assigned 
to the proteobacterial order Desulfobacterales were also restricted to sediment. The 
Desulfobacterales order consists of anaerobic bacteria known to use sulphate as terminal 
electron acceptor in order to oxidate H2 and a wide range of organic compounds. They 
also have been shown to play an important role in degrading organic contaminants and 
appear to be sensitive to predicted shifts in ocean pH (Muyzer and Stams 2008, Zhou et 
al. 2011a, Coelho et al. 2015). 
Proteobacteria also proved to be the most abundant phylum in S. carteri and two 
of the three seawater and A. suberitoides samples. In contrast, Chloroflexi and 
Actinobacteria were more prevalent in samples of X. testudinaria. The dominance of 
Proteobacteria in S. carteri is in line with previous studies of the closely related S. massa 
in Jakarta (de Voogd et al. 2015) and S. carteri in Makassar (Cleary et al. 2015), Indonesia. 
LMA sponges, such as S. carteri, have been shown to host bacterial communities with 
limited phylum-level diversity when compared to HMA species. They are also known to 
filter large volumes of water, which can explain the presence of large numbers of OTUs 
found in water and the higher similarity between bacterioplankton and S. carteri bacterial 
communities (Weisz et al. 2008, Giles et al. 2013). 
The prevalence of Chloroflexi in X. testudinaria in the present study agrees with 
previous studies of the species in other regions including the Red Sea, North Sulawesi and 
Great Barrier Reef where Acidobacteria, Actinobacteria and particularly Chloroflexi were 
the most abundant phyla in terms of OTUs and sequences (Lee et al., 2011; Montalvo & 
Hill, 2011; Montalvo et al., 2014). It, however, contrasts with two of our previous studies 
(de Voogd et al. 2015, Cleary et al. 2015) where Proteobacteria were more abundant in 
terms of OTUs and sequence reads although both of these studies, also contained a large 
number of OTUs assigned to the Chloroflexi. Previous studies have also identified 
Chloroflexi as a consistent component of the bacterial communities of HMA sponges 
(Gloeckner et al. 2014; Schmitt et al., 2011).  
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In the present study, OTUs assigned to the Chloroflexi were mainly assigned to the 
orders SAR202 and Anaerolineae. Members of the SAR202 order have been found to be 
relatively abundant in bathypelagic waters (Varela et al. 2008). Anaerolinae members 
have been found in a wide range of habitats from artic permafrost to tropical marine 
sediment and the mammalian gastrointestinal tract (Hug et al. 2013, Campbell et al. 
2014). Cambell et al (2014) have proposed that Anaerolinae in humans occupy an 
ecological niche where they scavage material from lysed bacterial cells and human tissue. 
In sponges, they may occupy a similar niche whereby they exploit the high loss of sponge 
biomass due to rapid sponge tissue turnover (de Goeij et al. 2013).  
Seawater samples mainly consisted of OTUs assigned to Proteobacteria, 
Bacteroidetes and Cyanobacteria. Alphaproteobacteria reached its greatest abundance in 
seawater samples, and mainly consisted of OTUs assigned to the orders Rickettsiales and 
Rhodobacterales. The order Flavobacteriales was also mainly found in seawater samples. 
This result follows numerous studies that have found a prevalence of Proteobacteria 
(mainly Alphaproteobacteria) and Bacteroidetes in the bacterioplankton (Glöckner et al. 
1999). 
There were significant differences in composition among biotopes. S. carteri and 
seawater biotopes on the one hand and A. suberitoides and X. testudinaria biotopes on 
the other were compositionally similar. With respect to S. carteri and seawater, this 
confirms previous studies highlighting the similarity of LMA sponges and seawater (Weisz 
et al. 2008, Giles et al. 2013). However, it should be noted that, although similar, samples 
of S. carteri were still distinct from seawater samples as seen in the ordination of the third 
and fourth axes. Stylissa carteri also contained highly abundant OTUs that were either 
much more abundant in or restricted to S. carteri. These OTUs were also closely related 
to organisms previously obtained from S. carteri samples in Saudi Arabia or Axinella, 
previously placed in the same order (Halichondrida) as S. carteri.  
The similarity in bacterial symbiont composition between A. suberitoides and X. 
testudinaria is interesting. These species are otherwise very different, e.g., their outer 
morphology, skeletal architecture and phylogenetic relationship. For instance, A. 
suberitoides has a massive to lobate growth form, whereas X. testudinaria is barrel 
Appendix 
 - 103 - 
shaped. However, the skeleton of both sponges, is composed of high densities of silicious 
spicules, albeit of different size dimensions and morphologies. The similarity in the 
composition of their bacterial symbionts is thus in line with the theory that the internal 
sponge morphology is an important determinant whether a sponge hosts a HMA- or LMA-
type bacterial community (Vacelet and Donadey, 1977; Weisz et al., 2008; Gloeckner et 
al. 2014).  
This is, to the best of our knowledge, the first study of the bacterial community of 
A. suberitoides, a relatively abundant, widespread and easily recognisable sponge species. 
Recently, the higher classication of sponges has been altered and some sponge orders 
have been abandoned (Morrow & Cárdenas, 2015). Previously the genus Aaptos (order 
Suberitida, family Suberitidae) belonged to the order Hadromerida, which contained HMA 
sponges, such as Speciospongia vesparium (currently order Clionaida; family Clionaidae) 
and LMA sponges such as Suberites domuncula (currently order Suberitida, family 
Suberitidae) and Suberites diversicolor (Cleary et al. 2013). Gloeckner et al (2014) 
previously showed that although certain sponge taxa such as the orders Agelasida and 
Verongida only consisted of HMA species and the Poecilosclerida of LMA species, other 
taxa such as the Haplosclerida, Homoscleromorpha and Dictyoceratida consisted of both 
LMA and HMA species.  
In addition, to Aaptos and Suberites, the family Suberitidae also contains the the 
distinct genus Terpios. The bacterial communities of species belonging to both of these 
taxa differed greatly from that found in A. suberitoides. The 'cyanosponge' Terpios 
hoshinota was found to mainly (61-98%) consist of cyanobacteria followed by smaller 
alpha- and gammaproteobacterial components (Tang et al. 2011). In the Berau region of 
Indonesia, Cleary et al. (2013) showed that Suberites diversicolor maintained a low 
diversity bacterial community dominated by a few OTUs assigned to the 
alphaproteobacterial order Kiloniellales. 
The present study shows that the bacterial community of A. suberitoides is very 
similar to that of X. testudinaria and both sponge species share numerous OTUs assigned 
to the Chloroflexi and Actinobacteria that were largely absent in other biotopes including 
the LMA sponge S. carteri and sediment and seawater. This finding is similar to a previous 
study of ours (Cleary et al. 2015) where we showed that the presumed HMA sponge H. 
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erectus also contains a bacterial community very similar to X. testudinaria (Cleary et al. 
2015). 
 
Conclusion 
The present study confirms previous studies (Lee et al. 2011, Cleary et al,. 2015; 
57. Polónia et al. 2015, de Voogd et al. 2015) showing that sponges harbour microbial 
communities that are distinct from communities in sediment and the surrounding 
seawater. This finding extends to LMA sponges as demonstrated by S. carteri in this study. 
Although the bacterial communities of S. carteri and seawater were similar, they were still 
distinct with S. carteri hosting a small number of highly abundant OTUs including OTUs 
restricted to this sponge. Our study also showed that the hitherto unknown bacterial 
community of A. suberitoides is very similar to the known HMA sponge X. testudinaria 
providing strong evidence that A. suberitoides is also a HMA sponge. Although both A. 
suberitoides and X. testudinaria shared numerous OTUs, they also hosted what may be 
species-specific OTUs. 
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Supplemental figures 
 
 
Supplemental Figure A-1 Species accumulation curves as a function of the number of sequences using 
resampling of bacterial 16S rRNA gene sequences from S. carteri (Sc), A. suberitoides (Ap), X. testudinaria 
(Xt), sediment (Sd) and seawater (Wt). 
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Supplemental Figure A-2 Stacked barplots showing the relative abundance of the 8 most abundant phyla 
sampled from the five biotopes. (a) S. carteri, (b) A. suberitoides, (c) X. testudinaria, (d) sediment and (e) 
seawater. The samples codes (X-axis) represent samples sampling sites Mer1, Mer2, Mer5, Ms17 and Ms31. 
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